1. Introduction {#sec1}
===============

Neuroinflammation has long been known as a pathophysiological process that is related to various neurological and neurodegenerative diseases \[[@bib1], [@bib2], [@bib3]\]. Microglial activation is the principal component of neuroinflammation in the central nervous system (CNS), which provides the first line of defense against invading pathogens or injury-related products \[[@bib4],[@bib5]\]. Under physiological conditions, microglia are characterized by ramified morphology and high motility, which make it convenient to monitor the microenvironment, prune synapse and timely clear apoptotic neurons to maintain the CNS homeostasis \[[@bib6]\]. In the event of brain insults such as ischemia, microglia responds to this injury at first and transform to active state \[[@bib7]\]. The activated microglia is now considered as a double-edged sword in the battle for neurological recovery, due to their polarization into distinct phenotypes, including deleterious M1 and neuroprotective M2 phenotypes \[[@bib8]\]. Specifically, "classically activated" M1 microglia typically releases destructive pro-inflammatory cytokines, reactive oxygen and nitrogen species (ROS and RNS) thus exacerbate brain damage \[[@bib9], [@bib10], [@bib11]\]. In contrast, the "alternatively activated" M2 phenotypes secrete a plethora of anti-inflammatory cytokines and trophic factors, resolve local inflammation and foster brain recovery \[[@bib9],[@bib11]\]. Actually, the M1/M2 dichotomy is a simplified model that only represents two extreme activation states, and the status of microglia *in vivo* may include a spectrum of different but overlapping functional phenotypes \[[@bib8],[@bib12]\]. Nevertheless, the broad M1/M2 classification of microglial activation has persisted as a useful concept to enhance our understanding of microglia functional status during injury progression and to help us explore new therapeutic strategies \[[@bib12],[@bib13]\]. Mounting evidence now supports the dualistic roles of polarized microglia populations in multiple neurological disorders such as focal stroke, Alzheimer\'s disease, multiple sclerosis and traumatic brain injury \[[@bib10],[@bib14], [@bib15], [@bib16]\], and the incidence and development of these diseases also accompanied with the microglial polarization to the M1 phenotype \[[@bib10],[@bib17],[@bib18]\]. Since the activation of microglia with the anti-inflammatory M2 phenotype leads to brain repair and regeneration, compared with general suppression of microglia activation, the inhibition of M1-activated microglia along with encouragement of M2 activation is a promising strategy for the treatment of neuroinflammation-associated diseases such as ischemic stroke \[[@bib8],[@bib10]\].

Besides inflammation, brain tissues are particularly vulnerable to oxidative stress which represents an imbalance between the production of ROS plus RNS and the capacity of the antioxidant defense system \[[@bib19]\]. Importantly, cellular events occurring during inflammatory responses are always associated with redox imbalance as well \[[@bib20]\], and microglia-derived oxidant production is implicated in many CNS disorders \[[@bib21]\]. The generation of excessive intracellular and extracellular ROS not only leads to direct cellular damage but also can trigger the activation of both the brain resident (microglia) and peripheral (leukocytes) immune pathways, which in turn, elaborate various damaging inflammatory mediators and effectors including more ROS and RNS, resulting in a vicious cycle \[[@bib22],[@bib23]\]. Correspondingly, inhibiting the overproduction of ROS is a general way to suppress intracellular proinflammatory signals. Therefore, the modulators for redox balance are taken as the key regulators of inflammatory responses, and the antioxidant defense system have become a hotspot for inflammation research.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master transcription factor which considered as the guardian of redox homeostasis and a promising therapeutic target for the treatment of stroke and inflammation associated diseases \[[@bib24], [@bib25], [@bib26]\]. The activity and abundance of Nrf2 are tightly regulated at the transcriptional, post-transcriptional, and posttranslational level \[[@bib27],[@bib28]\]. In response to stimuli, Nrf2 is stabilized and translocates to the nucleus, where it binds to genes containing antioxidant response elements (ARE) sequences to enhance transcription of a subset of genes involved in detoxification and antioxidant responses including heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1) and other antioxidant proteins \[[@bib27],[@bib28]\]. The Nrf2 signaling pathway not only plays an important role in cellular defense against oxidative stress, but also negatively regulates inflammatory responses. Studies have already demonstrated an essential role of Nrf2 as a key element in modulation of microglia activation in response to stroke and brain inflammation \[[@bib24],[@bib26]\]. Loss of Nrf2 function increases the size of cerebral infarct and neurological deficits after an ischemic event \[[@bib29],[@bib30]\]. Besides, Nrf2 could compete with nuclear factor-kappa B (NF-κB) p65 for their common transcriptional co-activator p300/CREB binding protein (CBP) at transcriptional level, which counteracted NF-κB-driven inflammatory response in a variety of experimental models \[[@bib31], [@bib32], [@bib33]\]. Furthermore, the upregulation of Nrf2/ARE related phase II enzymes, including HO-1 and NQO1, has inhibitory effects on the abnormal neuroinflammatory response \[[@bib34],[@bib35]\]. Altogether, the above studies revealed that Nrf2 pathway plays a major role in anti-inflammatory function, suggesting that Nrf2 is a therapeutic target for stroke and neuroinflammation associated diseases.

Traditional medicinal herbs are valuable sources for identification of lead compounds and their subsequent refinement into safe and efficacious drugs, e.g. the anti-malarial artemisinin \[[@bib36]\]. Notably, botanical formulations in traditional Chinese medicine usually consist of several types of medicinal plants and compounds which are thought to act in synergy to achieve a holistic therapeutic outcome \[[@bib37]\]. Dantonic®, a composite Danshen formulation containing standardized extracts of *Salviae miltiorrhiza* and *Panax notoginseng* plus borneol, has been broadly used in China for the treatment of myocardial and cerebral ischemic diseases for many decades, and has already completed Phase III clinical trials in the USA (NCT01659580). Inspired by the principle of TCM combinatorial formulations and our previous findings \[[@bib38], [@bib39], [@bib40], [@bib41], [@bib42], [@bib43]\], we designed and synthesized tanshinol borneol ester (DBZ, 1,7,7-trimethylbicyclo \[2.2.1\]heptan-2-yl-3-(3,4-dihydroxyphenyl)-2-hydroxy-propanoate) by chemical combination of tanshinol and borneol (core effective components of Dantonic®) as well as a library of related compounds based on our drug design strategy \[[@bib44]\]. Based on *in silico*, *in vitro* and *in vivo* screenings, DBZ is found to be a safe and a highly pleiotropic molecule endowed with a wide range of beneficial activities, including pro-angiogenic, anti-inflammatory, anti-atherosclerotic and cardiovascular protective effects \[[@bib44], [@bib45], [@bib46], [@bib47]\]. Although DBZ was reported to suppress lipopolysaccharide (LPS)-induced monocytes activation and foam cell formation mainly through the NF-κB activation \[[@bib45]\], little is known about its effects in CNS. Recently, preliminary pharmacological experiments showed that DBZ exerted antioxidant activity which decreased the levels of malondialdehyde (MDA) in mice brain, and was able to pass through the blood--brain barrier (BBB) \[[@bib48]\]. Therefore, the present study was designed to explore the potential effects and underlying mechanisms of DBZ in neuroinflammation and microglia function. We found that DBZ possessed anti-neuroinflammatory and neuroprotective effects in murine brain disease models such as neuroinflammation and cerebral ischemia, along with up-regulating antioxidant enzyme expression, inhibiting NF-κB activation and regulating M1/M2 polarization in microglia. Our results also suggest that the above effects of DBZ largely depended on the Nrf2 nuclear retention and activation mediated by Akt(Ser473)/GSK3β(Ser9)/Fyn kinase pathway.

2. Materials and methods {#sec2}
========================

2.1. Cells and culture conditions {#sec2.1}
---------------------------------

The immortalized BV-2 murine microglia cells (Cell Culture Center of Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences, Beijing, China) were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; Invitrogen, Camarillo, CA), supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS; Gibco, Carlsbad, CA), streptomycin (100 μg·mL^−1^), and penicillin (100 U·mL^−1^) at 37 °C under a humidified atmosphere with 5% CO~2~. In order to obtain more quiescent state primary microglial cultures with high yield and purity, mild trypsinization method was adopted other than shaking to isolate microglia from mixed glial cultures \[[@bib49]\]. Briefly, after removing meninges, the cortical tissues from neonatal C57BL/6 mice (P0--P4) were digested with 0.25% (w/v) trypsin (Sigma) for 30 min, followed by mechanical triturating. Then the mixed cortical cells were passed through a 70-μm nylon mesh cell strainer and plated on poly-lysine (0.05 mg·mL^−1^, Sigma) pre-coated 75 cm^2^ flasks in DMEM/F12 supplement with 10% heat-inactivated FBS, and the medium was replaced every 3--4 days. Once confluent (10--14 days), microglial cells were isolated from mixed glial cultures by mild trypsinization. Mixed glial cultures were incubated with a trypsin solution (0.25% trypsin, 1 mM EDTA in Hank\'s balanced salt solution) diluted 1:4 in phosphate-buffered saline (PBS; 150 mM NaCl, 5 mM phosphate, pH 7.4) containing 1 mM CaCl~2~ for 30--60 min. The detached layer of astrocytes was aspirated, and the remaining microglia cells were used for experiments. The purity of microglia was assessed by immunofluorescent staining using ionized calcium binding adaptor molecule 1 (Iba1) antibody (Abcam; Cat\# ab178846, RRID: [AB_2636859](nif-antibody:AB_2636859){#intref0010}), and more than 95% purity was used for the study.

2.2. CCK-8 assay {#sec2.2}
----------------

Cell viability was measured by Cell Counting Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan). BV-2 microglia cells and primary mouse microglia were seeded on 96-well plates and treated with various concentrations of DBZ (0.5 μM, 1 μM, 5 μM, 10 μM). Cells treated with DMSO (0.1%, v/v) served as vehicle control. After 48 h incubation, 10 μL CCK-8 regent was added to each well, and the plate was incubated at 37 °C for 4 h. Absorbance was measured at 450 nm using a SpectraMAX M3 microplate reader (Molecular Devices, Sunnyvale, CA, USA).

2.3. Griess assay {#sec2.3}
-----------------

Nitric oxide (NO) production was photometrically quantified for the amounts of stable product nitrite produced in the culture medium using the nitrate reduction method and Griess reagent according to the instructions for the NO assay kit (Cat\# S0021, Beyotime Biotech, Shanghai, China), and then the absorbance was measured at 540 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). NO concentrations were calculated by using standard solution of sodium nitrite.

2.4. Enzyme-linked immunosorbent assay (ELISA) for inflammatory cytokines {#sec2.4}
-------------------------------------------------------------------------

The levels of inflammatory cytokines secreted by the cells in the medium were determined by using ELISA kits (R&D Systems, Minneapolis, USA). Cells were cultured in 96-well plates and incubated with test compounds in serum-free medium for indicated times, and media was collected and analyzed for tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β level according to the manufacturer\'s instructions. Absorbance was measured at 450 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

2.5. DNA-binding activity assays {#sec2.5}
--------------------------------

Nuclear extracts of BV-2 cells were prepared with a nuclear extract kit (Active Motif, Carlsbad, CA, USA). The DNA-binding activity of NF-κB (p65) and Nrf2 were determined using the TransAM® NFκB kit (Active Motif, Carlsbad, CA, USA) containing immobilised oligonucleotide containing NF-κB consensus site (5′-GGGACTTTCC-3′) and TransAM® Nrf2 kit (Active Motif, Carlsbad, CA, USA) containing immobilised ARE consensus binding site (5′-GTCACAGTGACTCAGCAGA ATCTG-3′) according to the manufacturer\'s instructions respectively. Briefly, 30 μL complete binding buffer was added to each well, followed by 20 μg nuclear extract samples. The plate was covered and rocked for 1 h at room temperature. The activated form of the protein specifically binds to these oligonucleotide, and then were detected by corresponding primary antibody (supplied with the kit), and HRP-conjugated secondary antibody. After adding developing solution and stopping the colorimetric reaction, the transcription factor activity was determined by reading absorbance on a spectrophotometer at 450 nm.

2.6. Intracellular ROS measurement {#sec2.6}
----------------------------------

Intracellular ROS was measured by 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) assay. DCFH-DA assay is based on the ROS-dependent oxidation of 2′,7′-dichlorodihydrofluorescein (DCFH) to the highly fluorescent compound 2′,7′-dichlorofluorescein (DCF). In brief, BV-2 microglia cells in 96-well plates were rinsed in PBS, incubated with DCFH-DA (10 μM) for 30 min at 37 °C in the dark. Fluorescence was measured in a fluorescence microplate reader (Spectra Max Gemini EM, Molecular Devices, Sunnyvale, CA, USA) at excitation wavelength 485 nm and emission wavelength 535 nm. The cells were also pictured by using laser-scanning confocal microscope (FV1000, Olympus, Japan) equipped with FV10-ASW 4.0 VIEW (Olympus), and the investigators were blinded to the treatment.

2.7. Western blot analysis {#sec2.7}
--------------------------

Brain tissues and harvested cell pellets were homogenized in ice-cold RIPA lysis buffer \[50 mM TrisCl, pH 7.4, 150 mM NaCl, 0.1% (w/v) SDS, 1% (w/v) sodium deoxycholate and 1% (v/v) Triton-X 100\] with the addition of protease and phosphatase inhibitor cocktail (Abcam, Cambridge, UK; Cat\# ab201120) to obtain total protein or nuclear protein extracted using a nuclei isolation kit (NUC201, Sigma-Aldrich). Protein concentrations were quantified by the BCA protein assay kit (Beyotime Biotech, Shanghai, China) according to manufacturer\'s instructions. Western blot assay was performed as described previously \[[@bib40]\]. Briefly, Protein samples were loaded and separated on SDS-PAGE gels, transferred to PVDF membranes (GE Healthcare, Buckinghamshire, UK), blocked in TBST \[Tris buffered saline with 0.1% (v/v) Tween-20\] with 5% (w/v) protease free bovine serum albumin (BSA) (Sigma-Aldrich, Cat\# B2064) or nonfat dry milk, and then detected by 4 °C overnight incubation with the indicated antibodies followed by 1 h incubation at room temperature with horseradish peroxidise (HRP)-coupled secondary antibodies. Immunoreactive bands of proteins were detected with ECL-Plus chemiluminescence reagents (GE Healthcare, Little Chalfont, UK). The SpectraTM Multicolor Broad Range protein ladder (ThermoScientific, Loughborough, UK; Cat\# 26634) was included on all gels. The following antibodies were used: rabbit anti-inducible nitric oxide synthase (iNOS) IgG (Cell Signalling Technology, Hitchin, UK; Cat\# 13120, RRID: [AB_2687529](nif-antibody:AB_2687529){#intref0015}), rabbit anti-NF-κB p65 IgG (CST; Cat\# 8242, RRID: [AB_10859369](nif-antibody:AB_10859369){#intref0020}), rabbit anti-Histone H3 IgG (CST; Cat\# 4499, RRID: [AB_10544537](nif-antibody:AB_10544537){#intref0025}), rabbit anti-β-actin IgG (CST; Cat\# 4970, RRID: [AB_2223172](nif-antibody:AB_2223172){#intref0030}), rabbit anti-GAPDH IgG (CST; Cat\# 5174, RRID: [AB_10622025](nif-antibody:AB_10622025){#intref0035}), rabbit anti-HO-1 IgG (CST; Cat\# 82206, RRID: [AB_2799989](nif-antibody:AB_2799989){#intref0040}), rabbit anti-HQO1 IgG (Abcam, Cambridge, UK; Cat\# ab80588, RRID: [AB_1603750](nif-antibody:AB_1603750){#intref0045}), rabbit anti-Nrf2 IgG (Abcam; Cat\# ab92946, RRID: [AB_10561604](nif-antibody:AB_10561604){#intref0050}), mouse anti-p-Akt(Ser473) IgG2b (CST; Cat\# 4051, RRID: [AB_331158](nif-antibody:AB_331158){#intref0055}), rabbit anti-Akt IgG (CST; Cat\# 9272, RRID: [AB_329827](nif-antibody:AB_329827){#intref0060}), rabbit anti-p-GSK3β(Ser9) IgG (CST; Cat\# 9323, RRID: [AB_2115201](nif-antibody:AB_2115201){#intref0065}), rabbit anti-GSK3β IgG (CST; Cat\# 9315, RRID: [AB_490890](nif-antibody:AB_490890){#intref0070}), rabbit anti-Fyn IgG (Abcam; Cat\# ab125016, RRID: [AB_10972030](nif-antibody:AB_10972030){#intref0075}), HRP-linked goat anti-rabbit IgG (CST; Cat\# 7074, RRID: [AB_2099233](nif-antibody:AB_2099233){#intref0080}) and HRP-linked horse anti-mouse IgG (CST; Cat\# 7076, RRID: [AB_330924](nif-antibody:AB_330924){#intref0085}). The density of each immunoblot band was scanned by ImageJ software v1.60 (NIH, Bethesda, USA), and the ratios of phosphorylated protein/total protein, or target protein/β-actin or Histone H3 were calculated in the corresponding samples, respectively. Data were collected by the investigators who blinded to the treatment.

2.8. Immunocytochemistry {#sec2.8}
------------------------

After treatment, the cells were rinsed with PBS, fixed with 4% paraformaldehyde for 15 min and permeabilized with 0.3% (v/v) Triton X-100 for 15 min. After 1 h incubation with blocking buffer \[PBS with 10% (v/v) donkey serum, 1% (w/v) BSA\], cells were incubated with rabbit anti-NF-κB p65 primary antibody or rabbit anti-Nrf2 primary antibody (Abcam; Cat\# ab31163, RRID: [AB_881705](nif-antibody:AB_881705){#intref0090}) at 4 °C overnight. Negative controls were incubated without primary antibodies. Then cells were washed and incubated with donkey anti-rabbit IgG H&L secondary antibody Alexa Fluor 647 (Abcam; Cat\# ab150075, RRID: [AB_2752244](nif-antibody:AB_2752244){#intref0095}) or donkey anti-rabbit IgG H&L secondary antibody Alexa Fluor 488 (Abcam; Cat\# ab150073, RRID: [AB_2636877](nif-antibody:AB_2636877){#intref0100}) in the dark respectively. After wash, nuclei were counterstained with DAPI (1 μg·mL^−1^) (Roche, Mannheim, Germany; Cat\# 10236276001). Cellular localization was examined under a laser scan confocal microscope (FV1000, Olympus, Japan) with the same exposure settings for each comparison group.

2.9. Transient transfection and luciferase reporter assay {#sec2.9}
---------------------------------------------------------

Transfection of the reporter genes into BV2 cells was performed by using FuGENE® 6 transfection reagent (Cat\# E269; Promega, UK) according to the manufacturer\'s instructions. Briefly, BV2 cells were seeded in 12-well plates and transiently transfected with 1 μg pGL4.32\[luc2P/NF-κB-RE/Hygro\] plasmid (Cat\# E849A; Promega, UK) or pGL4.37\[luc2P/ARE/Hygro\] plasmid (Cat\# E3641; Promega, UK) using transfection reagent. Cells were co-transfected with renilla luciferase reporter plasmid pRL-TK (Promega; Cat\# E224A) to control transfection efficiency. Total cell extracts were analyzed for luciferase activity using a Dual-Glo® Luciferase Assay System (Promega; Cat\# E2920) as per the procedure recommended by the manufacturer. To determine the effect of DBZ on reporter gene activity, transfected cells were treated with DBZ (0.5--10 μM) 1 h prior to stimulation with 1 μg·mL^−1^ LPS (*Escherichia coli* serotype 055:B5; Sigma, St. Louis, MO) for 6 h, or treated with DBZ (0.5--10 μM) for 2 h before harvesting cells.

2.10. RNA interference (RNAi) of Nrf2 {#sec2.10}
-------------------------------------

The pre-designed Small interfering RNA (siRNA) directed against Nrf2 (Ambion, Austin, TX; Genbank accession nos. NM_010902.4) was used to down-regulate Nrf2, and a commercial negative control (NC) sequence (Ambion, Cat\# 4390843) was used to monitor the off-target effect. Transfections were accomplished using the Silencer™ siRNA Transfection II Kit according to the supplier\'s instructions (Ambion, Cat\# AM1631). The medium was replaced with fresh DMEM medium 24 h after transfection. Then BV2 cells were pretreated with DBZ, followed by treatment with LPS (1 μg·mL^−1^) for indicated time periods.

2.11. Quantitative RT-PCR (qRT-PCR) {#sec2.11}
-----------------------------------

Total RNA was extracted from BV-2 cells, primary microglia, or brain tissues using Trizol reagent (Invitrogen, CA, USA) and RNA samples were reverse transcribed using the PrimeScriptTM RT reagent Kit (TaKaRa, Otsu, Japan). RNA integrity was confirmed by electrophoresis before the reverse transcriptase reaction. RNA quantification was performed by spectrophotometry at 260 nm. Relative mRNA levels were determined by real-time PCR using a SYBR® Fast qPCR Mix Kit (TaKaRa, Otsu, Japan) and a real-time PCR detection system (iCycler iQ, Bio-Rad Laboratories, Hercules, CA). Data were expressed in Ct values normalized to GAPDH, and fold change between control and treated groups determined using the 2^−ΔΔCt^ method. The sequences of primers used were as follows: iNOS (mouse: sense, 5′-CCCAGAGTTCCAGCTTCTGG-3′, antisense, 5′-CCAAGCCCCTCACCATTATCT-3\'; rat: sense, 5′-AGGCCACCTCGGATATCTCT-3′, antisense, 5′-GCTTGTCTCTGGGTCCTCTG-3′); CD206 (mouse: sense, 5′-CTTCGGGCCTTTGGAATAAT-3′, antisense, 5′-TAGAAGAGCCCTTGGGTTGA-3\'; rat: sense, 5′-GGTTCCGGTTTGTGGAGCAG-3′, antisense, 5′-TCCGTTTGCATTGCCCAGTA-3′); IL-10 (mouse: sense, 5′-CAGTACAGCCGGGAAGACAA-3′, antisense, 5′-CCTGGGGCATCACTTCTACC-3\'; rat: sense, 5′-CAAGGCAGTGGAGCAGGTGA-3′, antisense, 5′-CCGGGTGGTTCAATTTTTCATT-3′); TNF-α (mouse: sense, 5′-ATGAGCACAGAAAGCATGATC-3′, antisense, 5′-TACAGGCTTGT CACTCGAATT-3\'; rat: sense, 5′-TTCCCAAATGGGCTCCCTCT-3′, antisense, 5′-GTGGGCTACGGGCTTGTCAC-3′); IL-1β (mouse: sense, 5′-ATGGCAACTGTTCCTG AACTCAACT-3′, antisense, 5′-TTTCCTTTCTTAGATATGGACAGGAC-3\'; rat: sense, 5′-TCCAGGATGAGGACCCAAGC-3′, antisense, 5′-TCGTCATCATCCCACGAGTCA-3′); IL-6 (mouse: sense, 5′-ACTTCACAAGTCGGAGGCTT-3′, antisense, 5′-TGCAAGTGCAT CATCGTTGT-3\'; rat: sense, 5′-TCAACTCCATCTGCCCTTCAG-3′, antisense, 5′-AAGGCAA CTGGCTGGAAGTCT-3′); HO-1 (sense, 5′-CAAGCCGAGAATGCTGAGTTCATG-3′, antisense, 5′-GCAAGGGATGATTTCCTGCCAG-3′); NQO1 (sense, 5′-TTCTGTGGCTTCCAGGTCTT-3′, antisense, 5′-AGGCTGCTTGGAGCAAAATA-3′); Nrf2 (sense, 5′-TTCAGCCAG CCCAGCACATC-3′, antisense, 5′-CGTAGCCGAAGAAACCTCATTGTC); GADPH (mouse: sense, 5′-CGACTTCAACAGCAACTCCCACTCTTCC-3′, antisense, 5′-TGGGTGGTCCAGGGTTT CTTACTCCTT-3′ rat: sense, 5′-CAGCCTCGTCTCATAGACAAGATG-3′, antisense, 5′-AAGGCAG CCCTGGTAACCA-3′).

2.12. Animals and ethical statements {#sec2.12}
------------------------------------

Adult male C57BL/6 mice (22 ± 2 g) and Sprague-Dawley (SD) rats (260 ± 10 g) were all purchased from Experimental Animal Center in Xi\'an Jiaotong University (Shaanxi, China). All animals were acclimated for one week after arrival and maintained under specific pathogen-free conditions. Animals were housed in polycarbonate cages with standard sawdust as bedding and maintained under controlled conditions of temperature at 22--24 °C, humidity at 55 ± 10%, and alternating light/dark cycles (lights were on between 7:00 h and 19:00 h), and fed with standard laboratory chow and water ad libitum. Caging equipment was sterilized, and the food irradiated and water filtered.

All studies involving animals are reported in compliance with the ARRIVE guidelines \[[@bib50]\]. Murine experiments were approved by the Northwest University Ethics Committee on Animal Research and Welfare. All the animal care and experimental procedures were carried out in accordance with the regulations of experimental animal administration issued by the State Committee of Science and Technology of People\'s Republic of China on November 14th, 1988, and the National Institutes of Health guide for the care and use of laboratory animals (NIH Publications No. 8023, revised 1978).

2.13. LPS-induced neuroinflammatory model of mice {#sec2.13}
-------------------------------------------------

The LPS-induced neuroinflammatory model in mice has been broadly validated \[[@bib51],[@bib52]\]. The mice were randomly divided into four groups (12 mice per group) and administered either vehicle \[0.2% (w/v) poloxamer 188 (BASF, Ludwigshafen, Germany) solution\] or DBZ (5, 20 mg·kg^−1^ in the vehicle) once a day (9:00 a.m.) by intraperitoneal injections for four consecutive days, respectively. On the fourth day, mice were intraperitoneally injected with LPS (0.33 mg·kg^−1^ in saline) or normal saline, 2 h after injection of DBZ or vehicle. The dosage of LPS was selected because it elicits a proinflammatory cytokine response in the brain resulting in mild transient sickness behavior in adult mice \[[@bib47],[@bib48]\]. The randomized treatment administrations were performed to simultaneously assess the effect of different treatments and avoid time-variable environmental influences. The doses of DBZ used in the experiments were based on a pilot preclinical study and the Good Laboratory Practice toxicology studies in mice by intravenously injection (LD50 = 460.700 mg·kg^−1^ ± 26.107 mg·kg^−1^) by National Beijing Centre for Drug Safety Evaluation and Research. At 24 h after LPS injection, mice were euthanized in a CO~2~ chamber. The whole brains were carefully removed and the cerebral cortex was isolated for further studies.

2.14. Open field test in mice {#sec2.14}
-----------------------------

The open field test was used to assess locomotor activity. Prior to behavioral tests, mice were allowed to adapt to the test room for at least 2 days (at least 4 h per day). Behavioural tests were performed before grouping and 4 h after the LPS injection. Each mouse was placed in a square open field box (50 × 50 cm) that was divided into peripheral and central zones and with walls 35 cm high. The test began by gently placing the mouse into a corner of the box and the total distance travelled, time spent in the inner zones and the number of rearing were observed for 5 min duration by a video camera. The SuperMazeTM software (Shanghai Softmaze Co.) was used to record and analyse locomotor activity.

2.15. Drug administration and transient middle cerebral artery occlusion (tMCAO) in rats {#sec2.15}
----------------------------------------------------------------------------------------

Rats were randomly divided into four groups: the sham group, vehicle control group, low-dose DBZ-treated group and high-dose DBZ-treated group respectively. DBZ was dissolved in 0.2% (w/v) poloxamer 188 solution and administered i.p.. Control animals (ischemic or sham) received equal volume of vehicle by the same route. DBZ (5 and 20 mg·kg^−1^) was administered at 1 h before, 4 h after cerebral ischemia, and then injected daily (1:00 p.m.) for another seven days. Experimental schedule and treatments are depicted in [Fig. 6](#fig6){ref-type="fig"}A. Rat cerebral ischemia/reperfusion (I/R) model was performed using the intraluminal filament following previous method with some modifications \[[@bib49]\]. Briefly, rats were anesthetized with isoflurane and body temperature was maintained with warming pads. The left common carotid artery (CCA), internal carotid artery (ICA) and external carotid artery (ECA) were exposed through a midline incision under the operating microscope. A rounded tip nylon suture was gently advanced from the ECA into the ICA lumen to occlude the origin of the middle cerebral artery (MCA). 90 min later, the nylon suture was gently withdrawn for the reperfusion. In the ischemia phase, the blood perfusion dropped \>75% of the base line was considered as successful ischemia. Sham-operated control rats received the same procedure except filament insertion. After surgery, the rats were kept for approximately 2 h in a warm box heated by lamps to maintain body temperature. In the tMCAO experiment, a total of 122 rats underwent the surgery (including sham group). Animals were excluded if unsuccessful occlusion (n = 6) or an intracerebral hemorrhage (n = 2) occurred, and five rats died either during or after surgery, and no animals died in the sham group.

2.16. Measurement of neurological deficits and brain infarct volume {#sec2.16}
-------------------------------------------------------------------

Neurological impairment was assessed by using a five-point neurological deficit score: no neurological deficit as 0; failure to extend contralateral forepaw fully as 2; circling to the contralateral side but normal posture at rest as 3; falling to the contralateral side at rest as 4, and no spontaneous walking with a depressed level of consciousness as 4 \[[@bib53]\], and were assessed by an observer who was blinded to the study design.

The ischemic lesion was measured three days post-surgery using TTC staining. Rats were sacrificed and the brain was carefully removed and cut into 2-mm thick coronal sections and then stained with standard 2% 2, 3, 5-triphenyltetrazolium chloride (TTC, Sigma, St. Louis, MO) for 10 min at 37 °C. The infarct areas were measured using Image J (NIH). For each brain section, the infarct area was determined by subtracting the area of the noninfarcted ipsilateral hemisphere from that of the intact contralateral hemisphere. The percentage of infarct volume was calculated by dividing the sum of the area from all sections of infarction by the total of that of contralateral hemisphere to avoid the influence of tissue edema \[[@bib54]\].

2.17. Neurobehavioral experiments {#sec2.17}
---------------------------------

Neurobehavioral tests were performed by experienced testers blind to experimental group. Animals were trained prior to surgery, and sensorimotor function was assessed in the neurobehavioral tests on post-stroke days 3 and 8, cognitive function was evaluated from days 4--8 after the tMCAO \[[@bib55],[@bib56]\]. The methods for each behavioral test used are detailed below.

### 2.17.1. Corner test {#sec2.17.1}

The Corner test was used to assess the sensorimotor abnormalities \[[@bib57]\]. Briefly, a corner was made with an angle of 30° using two cardboard pieces. When the rat entered deep into the corner, both sides of the vibrissae were stimulated. This caused the rat to rear and turn back to the open end. Non-ischemic rat typically show no preference for left vs. right turns, but the injured rat preferentially turned toward the non-impaired side. Turning movements that were not part of a rearing movement were not counted. The turns toward the non-impaired side were recorded from ten trials for each test.

### 2.17.2. Cylinder test {#sec2.17.2}

The cylinder test was used to assess the asymmetry of forelimb usage. The rats were placed individually inside a transparent cylinder (20 cm diameter and 30 cm height), and the number of times each forelimb or both forelimbs were used to support the body on the wall of the cylinder was counted for 5 min. Two mirrors were placed behind the cylinder to view all directions. The cylinder score for the impaired forelimb was calculated as (contralateral contacts + 1/2 bilateral contacts)/(total contacts) × 100% \[[@bib58]\].

### 2.17.3. Adhesive-removal test {#sec2.17.3}

The adhesive removal test was performed to assess the forepaw sensitivity and motor impairments \[[@bib59]\]. Two small adhesive paper dots were used as bilateral tactile stimuli occupying the distal-radial region on the wrist of each forelimb. The rats were located in the cage in a calm mood. The time to remove each stimulus from forelimbs was recorded on 5 trials per day. Individual trials were separated by at least 5 min. Before surgery, the animals were trained for 3 days.

### 2.17.4. Limb-placing test {#sec2.17.4}

The limb-placing test was used to assess the asymmetry of the upper limb movement \[[@bib60]\]. The test consisted of seven limb-placing tasks, which were scored by a blinded observer as follows: 2 points, the rat performed normally; 1 point, the rat performed with a delay of more than 2 s and/or incompletely; 0 point, the rat did not perform the task. Both sides of the body were tested. The maximum possible score achieved by the sham-operated rats was 14.

### 2.17.5. Forelimb grip-traction test {#sec2.17.5}

Using a modified forelimb grip test \[[@bib60]\], the forelimb muscle strength of rats was assessed through the ability of each animal to hang onto a horizontal rope. A 0.5 cm diameter nylon cord was placed horizontally 45 cm above a foam pad. Each rat was allowed to grip the rope by its forelimb. The time taken to fall was recorded for a maximum of 60 s.

### 2.17.6. Morris water maze test {#sec2.17.6}

Morris water maze was used to evaluate spatial learning and memory capacity of rats as described previously with minor modifications \[[@bib55],[@bib56]\]. The apparatus consisted of a black circular pool (diameter: 160 cm; height: 50 cm) filled with water at 24 ± 1 °C to a height of 25 cm. The pool was divided into four quadrants with a hidden platform (10 cm in diameter, 1.5--2.0 cm below the water line) placed in one of the quadrants. Conspicuous cues (wall plates, door, the observer himself) were placed in a fixed position around the pool. Before the start of hidden platform training, rats were allowed to acclimate to the testing environment for 30 min. During training, the rat was placed in the water facing the side wall at one of four random start locations in each quadrant. Each rat was allowed to find the platform, or guided to it after 90 s, remaining on the platform for 30 s to facilitate learning and directional memory. The procedure was repeated for all the four start locations daily at five consecutive days starting 4 days after ischemia induction. The latency time, representing the average of the four trails, to reach the platform was recorded. Four hours after the final acquisition training, a probe test was performed within 90 s in which the platform was removed from the tank. The rat was placed in the water at the same random start location, and the time spent in the quadrant and the number of times each animal crossed the position in which the platform had previously been located were recorded and interpreted as spatial memory.

### 2.17.7. Radial-arm maze test {#sec2.17.7}

This is a test of spatial working memory. The maze consisted of a central area 50 cm in diameter with eight arms extending radially, surrounded by visual markers. Each arm was 42.5 cm in length and 14.5 cm wide and 22.5 cm in height. Similar to previously used methodology \[[@bib61]\], all eight arms of the maze were baited with a food reward (chocolate). For the task, the rats were pretrained to find food within the maze. Entrances to an arm were counted when all four of the rat\'s paws were within the arm. The trial was ended once the animal either consumed all rewards or once five minutes had passed. The maze was cleaned with ethanol between each trial to remove the previous animals\' odour. Working memory errors were scored as re-entries into an arm from which food had already been eaten.

2.18. Immunohistochemistry {#sec2.18}
--------------------------

Animals were anesthetized and perfused transcardially with ice-cold saline followed by 4% (w/v) paraformaldehyde in 0.1 M PBS, pH 7.4. After post-fixed in the same fixative for 12 h, brains were dehydrated in gradient sucrose solutions of 10, 20, and 30% at 4 °C, and then coronal sectioned with a cryostat. Brain slices were taken at the same distance from bregma to ensure comparison of similar structures. 30 μm-thick floating coronal sections were washed using 0.1 M PBS, permeabilized with 0.3% (v/v) Triton X-100-PBS, blocked in 10% (v/v) donkey serum for 1 h, and then incubated with rabbit anti-Iba1 IgG (Abcam; Cat\# ab178846, RRID: [AB_2636859](nif-antibody:AB_2636859){#intref0105}) overnight at 4 °C. Negative controls were incubated without primary antibodies. After rinsing three times with 0.1% Triton X-100-PBS, the sections were incubated with donkey anti-rabbit IgG H&L secondary antibody Alexa Fluor 647 (Abcam; Cat\# ab150075, RRID: [AB_2752244](nif-antibody:AB_2752244){#intref0110}) at room temperature for 1 h followed by washing for 4 × 10 min in 0.1% (v/v) Triton X-100-PBS. DAPI (1 μg mL^−1^) was incubated for counterstaining of the nucleus. Sections were mounted with mounting medium containing anti-fading agents (Biomeda, Fisher Scientific). The immunofluorescence images were obtained by a laser-scanning confocal microscope (FV1000, Olympus, Japan) equipped with FV10-ASW 4.0 VIEW (Olympus). Four microscopic fields of each section were photographed. The number of Iba1+ cells per field in five sections from each animal was counted by an observer who was blinded to the study design, and the mean number of Iba1+ cells in the fields of view was calculated for each animal (n = 5 animals/group).

2.19. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining {#sec2.19}
--------------------------------------------------------------------------------------------

TUNEL staining was applied to examine cell apoptosis in frozen rat brain sections according to the manufacturer\'s instructions (Beyotime Biotech, Shanghai, China). After staining, the sections were mounted in mounting medium containing DAPI (Beyotime Biotech, Shanghai, China), and photographed using a laser scan confocal microscope (FV1000, Olympus, Japan). To avoid bias, a minimum of four microscopic fields within the ischemic penumbra of each section were photographed. The number of TUNEL^+^ cells per field in five sections from each rat was counted by an observer who was blinded to the study design, and the mean number of TUNEL^+^ cells in the fields of view was calculated for each rat (n = 5 rats/group).

2.20. Statistical analysis {#sec2.20}
--------------------------

Data are presented as mean ± SD. In each experiment, n represents the number of independent experiments or the number of animals per group. Technical replicates were only used to ensure the reliability of single values. The n value included for statistical tests is shown in the figure legend. This is adopted based on our previous results and power analysis (G\*power 3.1.9.3 software; RRID: [SCR_013726](rridsoftware:SCR_013726){#intref0115}). Data normalization was undertaken to control for sources of variation of baseline parameters, and to allow comparison of the magnitude of drug effects in different conditions. All analyses were performed using GraphPad Prism 7.0 software (GraphPad Software, La Jolla, CA, USA). The normality of the data distribution was tested by the Shapiro-Wilk normality test. Homogeneity of variance was evaluated by the Brown-Forsythe test (multiple groups). Statistical significance was determined using one-way or two-way ANOVA followed by Bonferroni\'s *post hoc* test (only if F was significant and there was no significant variance inhomogeneity) or Kruskal--Wallis test with Dunn\'s *post hoc* test when comparing multiple groups. Two-way repeated-measures ANOVA with Bonferroni\'s *post hoc* test was used for analyzing the data collected repeatedly from the same set of subjects at different time points. A *p* value less than 0.05 was deemed statistically significant.

2.21. Materials {#sec2.21}
---------------

DBZ (United States patent No. 8017786) were synthesized by us, using the method described by Bai *et al.*, 2014 \[[@bib62]\]. Other chemicals were all obtained from Sigma-Aldrich (St Louis, USA) unless otherwise specified.

3. Results {#sec3}
==========

3.1. DBZ suppressed pro-inflammatory mediators production, NF-κB (p65) activation, and promoted anti-inflammatory M2 markers expression in LPS-stimulated BV2 and primary microglia cells {#sec3.1}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

As determined by ELISA and Griess assays, DBZ inhibited LPS-induced pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α) and NO production in the culture media of BV2 microglia cells ([Fig. 1](#fig1){ref-type="fig"}A--D) and primary microglia cells ([Fig. S1C-1F](#appsec1){ref-type="sec"}) in a dose-dependent manner. Because the expression of iNOS is markedly induced in activated microglia and mediates synthesis of large amounts of NO, the effect of DBZ on iNOS gene expression was determined by qRT-PCR. DBZ inhibited LPS-induced expression of iNOS at the transcriptional level ([Fig. 1](#fig1){ref-type="fig"}E). The inhibitory effect of DBZ on iNOS expression was also confirmed at the protein level by Western blot analysis ([Fig. 1](#fig1){ref-type="fig"}I). Intriguingly, DBZ dose-dependently increased mRNA levels of M2 markers (CD206, IL-10) in BV2 cells ([Fig. 1](#fig1){ref-type="fig"}F and G) and primary microglia ([Fig. S1G, S1H](#appsec1){ref-type="sec"}) treated with LPS. Besides, DBZ showed no cytotoxic effect on both types of microglia cells even at the highest concentration (10 μM) ([Fig. 1](#appsec1){ref-type="sec"}H, S1B). The above results indicated that DBZ inhibits the expression of pro-inflammatory M1 mediators while promotes the expression of anti-inflammatory M2 markers in LPS-stimulated BV2 cells and primary microglia cells.Fig. 1**DBZ suppressed pro-inflammatory mediator production, NF-κB (p65) activation, and promoted anti-inflammatory M2 markers expression in LPS-stimulated BV2 microglia cells**.BV2 microglia cells were pretreated with the indicated concentrations of DBZ for 1h followed by stimulation with 1 μg·mL^−1^ LPS for another 24 h (**A-D, I**), 12 h **(E-G**), 2 h **(J-L**), or 6 h (**M**), respectively. (**A-D**) The media were collected and the concentrations of IL-1β, IL-6, TNF-α and NO were determined using ELISA kits or Griess regent. (**E**) DBZ suppressed the iNOS mRNA expression and (**F, G**) promoted the mRNA expression of M2 microglial markers (CD206 and IL-10) in LPS-stimulated BV2 cells as determined by qRT-PCR. (**H**) BV2 cells were incubated with various concentrations of DBZ (0.5--10 μM) for 48 h to investigate the cytotoxicity. (**I**) Effect of DBZ on LPS-induced iNOS protein expression was determined by Western blotting assay and quantified by densitometry. (**J, K**) The effect of DBZ on LPS-induced nuclear translocation of NF-κB (p65) in BV2 cells was determined by Western blot analysis and immunofluorescent assay. The scale bar represents 50 μm. (**L**) A commercially available NF-κB ELISA kit was used to test the nuclear extracts and determine the NF-κB binding activity. (**M**) BV-2 cells were transfected with a plasmid containing NF-κB-luciferase reporter construct and pretreated with DBZ for 1 h before the addition of LPS. After 6 h of LPS treatment, cell lysates were assayed for luciferase activity measured as the fold induction by normalizing the transfection efficiency and dividing values of each experiment relative to the control. Results are expressed as means ± SD (n = 5 independent experiments for A-H; n = 3 independent experiments for I--K; n = 4 independent experiments for L and M). \*p \< 0.05 compared with untreated control group, ^\#^p \< 0.05 compared with LPS group. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test or Kruskal-Wallis test with Dunn\'s *post hoc* test.Fig. 1

As we known, activating the NF-κB subunit plays an important role in regulating the expression of iNOS and proinflammatory cytokines. Therefore, we investigated whether DBZ inhibited the activation of NF-κB in BV2 cells. Western blot analysis and immunofluorescent assay ([Fig. 1](#fig1){ref-type="fig"}J--K) indicated that LPS treatment caused a dramatic increase of NF-κB (p65) subunit translocation into the nucleus, whereas DBZ distinctly attenuated this translocation. The nuclear fraction was not contaminated by cytosolic proteins as confirmed by the absence of immunoreactivity to the cytosolic marker GAPDH ([Fig. 1](#fig1){ref-type="fig"}J). In addition, the effect of DBZ on the DNA-binding activity of NF-κB (p65) was also determined by using a commercially ELISA-based TransAM® NFκB kit. As shown in [Fig. 1](#fig1){ref-type="fig"}L, DBZ significantly inhibited the DNA-binding activity of NF-κB (p65) induced by LPS. Additionally, the luciferase reporter assays showed that DBZ inhibited LPS-induced NF-κB-responsive luciferase reporter activity in BV2 cells ([Fig. 1](#fig1){ref-type="fig"}M). These findings indicated that the anti-inflammatory effect of DBZ is associated with the suppression of NF-κB activity.

3.2. DBZ inhibited ROS production, induced antioxidant enzymes expression and activated Nrf2 signaling in BV2 microglia cells {#sec3.2}
-----------------------------------------------------------------------------------------------------------------------------

LPS has been shown to induce the production of ROS in microglia, and ROS are known to play important role in the inflammatory signaling pathway \[[@bib63]\]. Therefore, the effect of DBZ on LPS-induced ROS formation in BV2 cells was measured by DCFH-DA assays. The results showed that exposure of BV2 cells to LPS increased DCF positive cells, and DBZ pretreatment markedly inhibited the ROS production ([Fig. 2](#fig2){ref-type="fig"}A). The DCF fluorescence quantified assay showed that DBZ effectively suppressed ROS production in LPS-treated cells in a concentration-dependent way ([Fig. 2](#fig2){ref-type="fig"}B). Next, we examined the effect of DBZ on the expression of antioxidant enzyme HO-1 and NQO1, which is known as key molecules in the resolution of oxidative stress and inflammation \[[@bib26]\]. Western blot and qRT-PCR analyses showed that DBZ induced HO-1 and NQO1 expression at the protein ([Fig. 2](#fig2){ref-type="fig"}D) and mRNA levels ([Fig. 2](#fig2){ref-type="fig"}E). Besides, DBZ also increased HO-1 and NQO1 expression in LPS-stimulated BV2 microglia cells ([Fig. 2](#fig2){ref-type="fig"}C).Fig. 2**DBZ inhibited ROS production, up-regulated antioxidant enzymes expression and activated Nrf2 signaling in BV2 microglia cells**.(**A-C**) Effects of DBZ on LPS-induced cellular ROS production and antioxidant enzymes expression. BV2 microglia cells were pretreated with the indicated concentrations of DBZ for 1 h followed by stimulation with 1 μg·mL^−1^ LPS for another 12 h, then the cells were (**A, B**) incubated with DCFH-DA for intracellular ROS measurement, or (**C**) lysed for Western blot and densitometry quantification analysis. The scale bar represents 100 μm. Results are expressed as means ± SD (n = 5 independent experiments for A and B; n = 3 independent experiments for C). \*p \< 0.05 compared with untreated control group, ^\#^p \< 0.05 compared with LPS group. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test. (**D-I**) BV2 cells were treated with DBZ for 12 h (**D**), 6 h (**E**), or 2 h (**F--I**), respectively. The direct effects of DBZ on HO-1 and NQO1 expression were detected by (**D**) Western blotting and (**E**) qRT-PCR assays. (**F, G**) Effect of DBZ on Nrf2 nuclear accumulation was determined by immunofluorescent and Western blot assay. The scale bar represents 50 μm. (**H**) A commercially available Nrf2 ELISA kit was used to test the nuclear extracts and determine the Nrf2 binding activity. (**I**) Cells transiently transfected with ARE-luciferase or control vector were incubated for 2 h with the indicated concentrations of DBZ. Cell lysates were assayed for luciferase activity measured as the fold induction by normalizing the transfection efficiency and dividing values of each experiment relative to the control. Results are expressed as means ± SD (n = 3 independent experiments for D and E; n = 4 independent experiments for F--I). \*p \< 0.05 compared with untreated control group. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test.Fig. 2

The Nrf2 signaling is a master regulator that regulates the ARE-driven expression of phase II detoxifying and antioxidant enzymes, such as HO-1 and NQO1. Therefore, we investigated whether DBZ stabilizes and activates Nrf2 in BV2 cells. Immunofluorescent staining ([Fig. 2](#fig2){ref-type="fig"}F) revealed that the accumulation of Nrf2 within the nucleus exhibited considerable enhancement in DBZ-treated cells. Similar results were observed by Western blot analysis of nuclear proteins from BV2 cells, which showed that DBZ increased the nuclear levels of Nrf2. Promoting effect of DBZ on Nrf2 DNA-binding activity in BV2 cells was also observed ([Fig. 2](#fig2){ref-type="fig"}H). Moreover, we further assessed whether DBZ might lead to elevation of the Nrf2 transcriptional activity by transfecting the cells with a plasmid containing ARE, the Nrf2-binding element. The luciferase reporter assays results showed that DBZ was indeed able to increase the ARE-dependent luciferase activity in a dose-dependent manner ([Fig. 2](#fig2){ref-type="fig"}I). These findings suggested that the antioxidant activity of DBZ is associated with increased nuclear accumulation and activation of Nrf2.

3.3. DBZ-induced Nrf2 nuclear accumulation was critical for its antioxidant and anti-inflammatory activity in LPS-stimulated BV2 microglia cells {#sec3.3}
------------------------------------------------------------------------------------------------------------------------------------------------

Next, we used Nrf2-silenced BV2 cells to verify whether the antioxidant effect of DBZ was mediated by Nrf2. The RNAi efficiency was verified by qRT-PCR and Western blot analyses ([Fig. S2A, S2B](#appsec1){ref-type="sec"}). As shown in [Fig. 3](#fig3){ref-type="fig"}A, compared with DBZ-treated negative control cells, cells transfected with Nrf2 siRNA markedly suppressed the protein expression of HO-1, NQO1 and Nrf2 nuclear accumulation induced by DBZ. Furthermore, the inhibitory effect of DBZ on LPS-induced ROS generation was attenuated in Nrf2-silenced cells ([Fig. 3](#fig3){ref-type="fig"}B).Fig. 3**Nrf2 nuclear accumulation by DBZ was critical for its antioxidant and anti-inflammatory activity in LPS-stimulated BV2 microglia cells**(**A**) BV2 microglia cells were transfected with Nrf2 siRNA or NC siRNA for 24 h, then treated with DBZ (10 μM) for 12 h. Protein levels were determined by Western blotting assay and quantified by densitometry. (**B--H**) Cells transfected with Nrf2 siRNA or NC siRNA for 24 h, were treated with DBZ (10 μM) for 1 h, followed by exposure to LPS (1 μg·mL^−1^) for 12 h (**B, G**), 24 h (**C--F**) or 2 h (**H**). (**B**) Cells were incubated with DCFH-DA for intracellular ROS measurement. (**C--F**) The culture media were collected and the concentrations of IL-1β (**C**), IL-6 (**D**), TNF-α (**E**) and NO (**F**) were determined using ELISA kits or Griess regent. (**G**) The mRNA expression of M2 microglial marker (CD206) was determined by qRT-PCR. (**H**) A commercially available NF-κB ELISA was used to test nuclear extracts and determine the degree of NF-κB binding. Results are expressed as means ± SD (n = 5 independent experiments for A-G; n = 4 independent experiments for H). \*p \< 0.05 compared with the NC + DBZ group. Statistical analyses were performed by two-way ANOVA followed by Bonferroni\'s *post hoc* test. NC, negative control.Fig. 3

Considering the anti-neuroinflammatory activity of Nrf2, we also assessed the role of Nrf2 signal in the anti-neuroinflammatory effects of DBZ on LPS-treated microglia. As expected, Nrf2 knockdown significantly reversed the inhibitory effects of DBZ on IL-1β, IL-6, TNF-α, NO production ([Fig. 3](#fig3){ref-type="fig"}C--F) and NF-κB (p65) DNA-binding ([Fig. 3](#fig3){ref-type="fig"}H) induced by LPS, and attenuated DBZ-induced up-regulation of M2 marker CD206 mRNA expression ([Fig. 3](#fig3){ref-type="fig"}G). Thus, the results demonstrated that Nrf2 and its accumulation in nucleus were crucial to the antioxidant and anti-neuroinflammatory properties of DBZ.

3.4. The Akt(Ser473)/GSK3β(Ser9)/Fyn pathway was involved in the Nrf2-mediated antioxidant and anti-neuroinflammatory activity of DBZ {#sec3.4}
-------------------------------------------------------------------------------------------------------------------------------------

Apart from the promoting effect of DBZ on the Nrf2 nuclear accumulation observed in above studies, the protein level of Nrf2 in total cell lysates was also enhanced by DBZ ([Fig. 4](#fig4){ref-type="fig"}A). To determine whether the increased protein level of Nrf2 by DBZ is regulated at the transcriptional level, the mRNA expression of Nrf2 gene was evaluated by RT-PCR analysis. As shown in [Fig. S2C](#appsec1){ref-type="sec"}, the increased protein level of Nrf2 was not because of increased transcription of Nrf2 as Nrf2 mRNA levels did not change after DBZ treatment. These results suggested that DBZ enhanced nuclear accumulation and stabilization of Nrf2 without affecting its transcription. Reportedly, the phosphorylated Fyn kinase could translocate into the nucleus to export the nuclear Nrf2 to cytosol for its ubiquitination and degradation \[[@bib64],[@bib65]\]. In addition, the phosphorylation of Fyn could be regulated by Akt(Ser473)/GSK3β(Ser9) pathway \[[@bib66]\]. Thus we explored the role of Akt(Ser473)/GSK3β(Ser9)/Fyn pathway in Nrf2 nuclear accumulation and the antioxidant and anti-inflammatory activity of DBZ. Our data showed that the decreased nuclear level of Fyn was accompanied by the increased Akt phosphorylation at Ser473 residue (activation) and the increased GSK3β phosphorylation at Ser9 residue (inactivation) induced by DBZ in a time-dependent manner ([Fig. 4](#fig4){ref-type="fig"}B and C). Therefore, the cumulative findings imply the possibility that DBZ promoted nuclear accumulation and stabilization of Nrf2 by blocking its nuclear export via Akt(Ser473)/GSK3β(Ser9)/Fyn kinase pathway.Fig. 4**The Akt(Ser473)/GSK3β(Ser9)/Fyn pathway was involved in DBZ-induced Nrf2 nuclear accumulation and stabilization, antioxidant enzyme expression and anti-neuroinflammatory activity in BV2 microglia cells**.(**A-C**) BV2 cells were incubated with (**A**) indicated concentrations of DBZ for 12 h or with (**B, C**) 10 μM DBZ for indicated time periods (15 min, 60 min and 120 min) respectively. The direct effects of DBZ on protein levels of (**A**) total Nrf2, (**B, C**) p-Akt(Ser473), p-GSK3β(Ser9) and nuclear Fyn were detected by Western blotting assay and quantified by densitometry. Data are presented as mean ± SD (n = 4 independent experiments for A-C). \*P \< 0.05 *vs.* untreated control. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test or Kruskal--Wallis test with Dunn\'s *post hoc* test. (**D-K**) Effects of Akt inhibition or GSK3β activation on protein levels of p-Akt(Ser473), p-GSK3β(Ser9), antioxidant enzymes (HO-1, NQO1), and nuclear protein level of Fyn and Nrf2. To directly define the role of Akt/GSK3β/Fyn signaling pathway in Nrf2 activation by DBZ, BV2 cells were pre-treated with (**D-G**) a PI3k inhibitor (LY294002, 10 μM), or (**H--K**) a GSK3β activator \[sodium nitroprusside (SNP), 2 mM\] for 30 min before the addition of DBZ (10 μM). After incubation for another 60 min (**D, F, H, J**) or 2 h (**E, I** for nuclear Nrf2), or 12 h (**E, I** for HO-1 and NQO1), the levels of indicated proteins were detected by Western blotting assay and quantified by densitometry. Data are presented as mean ± SD (n = 3 independent experiments for D-K). \*p \< 0.05 compared with control group, ^\#^p \< 0.05 compared with DBZ group. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test. (**L, M**) Cells pretreated with LY294002 (10 μM) or SNP (2 mM) for 30 min, were treated with DBZ (10 μM) for 60 min, followed by exposure to LPS (1 μg mL^−1^) (**L**) for 12 h to examine ROS generation, or (**M**) for 24 h to examine NO production. Results are expressed as means ± SD (n = 5 independent experiments for L and M). \*p \< 0.05 compared with the LPS group, ^\#^p \< 0.05 compared with DBZ + LPS group. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test.Fig. 4

To further confirm whether Akt(Ser473)/GSK3β(Ser9)/Fyn pathway is crucial for Nrf2 nuclear retention induced by DBZ, BV2 cells were exposed to a PI3K inhibitor (LY294002) with or without DBZ treatment, and then the Nrf2 activity was examined. Western blotting analysis showed that, compared with DBZ treated group, LY294002 significantly attenuated DBZ-induce Akt activation, and reduced GSK3β phosphorylation (i.e. enhanced GSK3β activation) and increased the nuclear density of Fyn ([Fig. 4](#fig4){ref-type="fig"}D and F), which resulted in the decreased nuclear accumulation of Nrf2 and expression of its downstream genes HO-1 and NQO1 ([Fig. 4](#fig4){ref-type="fig"}E and G). To verify the role of GSK3β inactivation in Nrf2 nuclear retention induced by DBZ, a GSK3β activator sodium nitroprusside (SNP) (a GSK3β phosphorylation inhibitor) was used. Likewise, compared with DBZ treated group, the activation (decreased phosphorylation) of GSK3β by SNP significantly reversed the inhibitory effect of DBZ on Fyn nuclear translocation ([Fig. 4](#fig4){ref-type="fig"}H and J), accompanied with the decreased Nrf2 nuclear accumulation and expression of Nrf2 downstream genes HO-1 and NQO1 ([Fig. 4](#fig4){ref-type="fig"}I and K). These results prove that both inactivation of Akt and activation of GSK3β blocked the inhibitory effect of DBZ on Fyn, thus lead to the nuclear translocation of Fyn which export nuclear Nrf2 to cytosol, and finally block the activation of Nrf2 by DBZ. Besides, SNP did not result in any significant change in phosphorylation status of Akt(Ser473) ([Fig. 4](#fig4){ref-type="fig"}J), suggesting that GSK3β functions downstream of Akt pathway after DBZ treatment. Not only that, both LY294002 and SNP reversed the inhibitory effects of DBZ on ROS and NO generation induced by LPS ([Fig. 4](#fig4){ref-type="fig"} L, 4 M). The data collectively revealed that Nrf2-mediated antioxidant and anti-neuroinflammatory properties of DBZ can be explained, at least in part, by repressing Fyn nuclear localization via stimulating Akt(Ser473)/GSK3β(Ser9) pathways.

3.5. DBZ ameliorated depressive behaviors, regulated M1/M2 polarization and affected Akt(Ser473)/GSK3β(Ser9)/Fyn-Nrf2 signal axis in the cerebral cortex of LPS-treated mice {#sec3.5}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

It is known that microglia-mediated neuroinflammation participated in the process of many brain disorders, and LPS has been shown to induce sickness and depressive-like behaviors in mice \[[@bib51],[@bib52]\]. Therefore, the effect of DBZ on microglia-mediated neuroinflammation and behavior disorder was explored by using the LPS-induced neuroinflammatory mouse model. In the open-field test, DBZ pre-treatment significantly improved the LPS-induced decrease in locomotor activity, as assessed by the total distance and central time ([Fig. 5](#fig5){ref-type="fig"}B--D).Fig. 5**DBZ ameliorated depressive behaviors, regulated M1/M2 polarization and affected Akt(Ser473)/GSK3β(Ser9)/Fyn-Nrf2 signal axis in the cerebral cortex of LPS-treated mice**.(**A**) Experimental design is illustrated schematically. (**B-E**) Effects of DBZ (5, 20 mg·kg^−1^) on locomotor activity of mice administrated with LPS. The total distance, central time, and number of rearing were investigated by open field test. (**F, G**) DBZ reduced the increased number of Iba1^+^ cells and restored the microglia morphological alterations in neuroinflammatory mice induced by LPS. (**F**) The average number of Iba1^+^ cells in frontal cortex. (**G**) Representative images of labeling for Iba1 are shown. White arrows indicate the enlarged insert of a representative cell. The scale bar represents 100 μm. (**H-M**) DBZ inhibited LPS-induced pro-inflammatory M1 genes expression and increased anti-inflammatory M2 genes expression in mice cortex. The mRNA levels of IL-1β, IL-6, TNF-α, iNOS, CD206 and IL-10 were determined by qRT-PCR. (**N, O**) The protein levels of p-Akt, p-GSK3β, nuclear Fyn, nuclear Nrf2, HO-1 and NQO1 were determined by Western blotting assay and quantified by densitometry. Results are expressed as means ± SD (n = 12 mice per group for B-E; n = 5 mice per group for F and G; n = 4 mice per group for H-M; n = 3 mice per group for N and O). \*p \< 0.05 compared with the VEH + SAL group, ^\#^p \< 0.05 compared with the VEH + LPS group. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test or Kruskal--Wallis test with Dunn\'s *post hoc* test. VEH: vehicle; SAL: saline.Fig. 5Fig. 6**DBZ reduced infract volume and improved sensorimotor and cognitive function in rats subjected to tMCAO**.(**A**) Experimental design is illustrated schematically. When administered at 1 h before, 4 h after tMCAO, and then injected daily for another seven days, (**B, C**) DBZ reduced cerebral infarct volume at 72 h after tMCAO as assessed by TTC staining and (**D**) improved the neurological deficit as evaluated by Longa\'s test; (**E**--**I**) DBZ treatment improved sensorimotor recovery as evaluated by (**E**) corner test, (**F**) cylinder test, (**G**) limb-placing test, (**H**) adhesive-removal test and (**I**) the grip test at 3 and 8 days after tMCAO. Results are expressed as means ± SD (n = 5 rats per group for B and C; n = 10--12 rats per group for D-I). \*p \< 0.05 compared with the VEH + Sham group, ^\#^p \< 0.05 compared with the VEH + tMCAO group. Statistical analyses were performed by Kruskal--Wallis test with Dunn\'s *post hoc* test or two-way repeated measures ANOVA followed by Bonferroni\'s *post hoc* test. (**J--M**) Spatial learning and memory were assessed at 4--8 d after injury by Morris water maze test. (**J**) Representative traces indicating the sample paths of the rats from the maze latency trials (learning) and the swimming traces from probe trials (memory). (**K**) The latency until the rats located the submerged platform as tested on days 4--8 (defined as spatial learning). (**L, M**) Spatial memory was evaluated on day 8 by measuring (**L**) the time spent swimming in the target quadrant and (**M**) the number of crossing original platform after the platform was removed. (**N**) Effect of DBZ on cognitive functions in rats subjected to tMCAO was also assessed by radial-arm maze test on day 8 after tMCAO. Results are expressed as means ± SD (n = 10--12 rats per group for J-N). \*p \< 0.05 compared with the VEH + Sham group, ^\#^p \< 0.05 compared with the VEH + tMCAO group. Statistical analyses were performed by two-way repeated measures ANOVA followed by Bonferroni\'s *post hoc* test or one-way ANOVA followed by Bonferroni\'s *post hoc* test. VEH: vehicle.Fig. 6

To determine whether DBZ regulates LPS-induced microglial activation *in vivo*, we measured the immunoreactivity of Iba1, a marker for microglia/macrophage, in the mouse cortex 24 h after systemic administration of LPS. Histochemical study showed that LPS increased the number of Iba1 positive cells, accompanied with a de-ramified morphological profile, which had larger cell bodies and thicker processes; DBZ pretreatment significantly reduced the increased number of Iba1^+^ cells and restored its morphological alterations induced by LPS ([Fig. 5](#fig5){ref-type="fig"}F and G). Inhibition of microglia-mediated neuroinflammation by DBZ was further supported by quantitative measurements of the expression of pro-inflammatory and anti-inflammatory genes in the cerebral cortex of mice. qRT-PCR analysis of brain tissues indicated that LPS administration increased the proinflammatory M1 genes expression (IL-1β, IL-6, TNF-α and iNOS), which were all significantly prevented by DBZ ([Fig. 5](#fig5){ref-type="fig"}H--K). On the other hand, the mRNA expression of the anti-inflammatory M2 genes (CD206 and IL-10) was significantly increased in DBZ pre-treatment groups ([Fig. 5](#fig5){ref-type="fig"}L and M). Additionally, similar to the effects on BV2 microglia cells, DBZ treatment significantly induced the phosphorylation of Akt(Ser473) and GSK3β(Ser9), and inhibited Fyn nucleus accumulation ([Fig. 5](#fig5){ref-type="fig"}N), accompanied with the increase in Nrf2 nuclear accumulation and antioxidant enzymes (HO-1 and NQO1) protein expression ([Fig. 5](#fig5){ref-type="fig"}O) in cerebral cortex of neuroinflammatory mice. These results indicating that the anti-neuroinflammatory effect of DBZ in LPS-challenged mice was associated with enhancing M2 microglial polarization and Nrf2 nuclear retention via Akt(Ser473)/GSK3β(Ser9)/Fyn kinase pathway.

3.6. DBZ reduced infract volume and improved sensorimotor and cognitive function in rats subjected to tMCAO {#sec3.6}
-----------------------------------------------------------------------------------------------------------

Inflammation is regarded as a major factor contributing to ischemic damage \[[@bib10],[@bib23]\]. Based on our above results, we further explored the therapeutic potential of DBZ on ischemic stroke induced by transient MCAO in rats. As shown in [Fig. 6](#fig6){ref-type="fig"}B and C, an extensive lesion was found in both striatum and cortex of stroke rats treated with vehicle; compared with vehicle group, intraperitoneal injection of DBZ reduced the infarct volume with a significant therapeutic effect in the dose of 20 mg·kg^−1^ (P \< 0.05). Besides, the protective effect of DBZ was better than that of tanshinol (DSS), as well as borneol (the individual compounds not joined together), respectively ([Fig.S3A-S3C](#appsec1){ref-type="sec"}).

Next, a series of behavior tests were conducted to assess the effects of DBZ on sensorimotor and cognitive recovery after tMCAO. As shown in [Fig. 7](#fig7){ref-type="fig"}D, DBZ significantly attenuated neurological deficits at 3 d (20 mg·kg^−1^) and 8 d (5, 20 mg·kg^−1^) after tMCAO compared to vehicle group, and no difference was observed at 1 d after tMCAO. In sensorimotor asymmetry assessments, stroke rats treated with vehicle exhibited biased turning behavior in the corner test ([Fig. 6](#fig6){ref-type="fig"}E), and reduced use of the affected forelimb in the cylinder test ([Fig. 6](#fig6){ref-type="fig"}F); similarly, the forelimb mobility was significantly impaired as assessed by the limb-placing test at all observed time points in the vehicle group compared with the sham-operated group ([Fig. 6](#fig6){ref-type="fig"}G); whereas DBZ treatment significantly improved functional performance and ameliorated sensorimotor asymmetry of stroke rats in above tests ([Fig. 6](#fig6){ref-type="fig"}E--G). The effects of DBZ on sensorimotor function improvement were also indicated by shorter removal time in the adhesive-removal test ([Fig. 6](#fig6){ref-type="fig"}H) and increased muscle strength in the grip test ([Fig. 6](#fig6){ref-type="fig"}I). Furthermore, the effects of DBZ on cognitive function were investigated by the classic Morris water maze test and radial-arm maze test. In water maze test, the escape latency to find the platform significantly increased in stroke rats compared to Sham ([Fig. 6](#fig6){ref-type="fig"}K); DBZ treatment improved spatial learning ability, as indicated by decreased escape latency on day 6--8 when compared to vehicle group ([Fig. 6](#fig6){ref-type="fig"}J and K). In the probe trial, the DBZ-treated rats revealed more crossovers and spent more time in the platform quadrant (spatial memory ability) compared to vehicle group ([Fig. 6](#fig6){ref-type="fig"}L and M). Radial-arm maze test also showed that rats performed cognitive deficits after stroke, DBZ treatment significantly reduced the number of errors compared with vehicle group ([Fig. 6](#fig6){ref-type="fig"}N). Altogether, these data indicated that DBZ reduced brain infarct volume and improved the sensorimotor and cognitive functions in rats after tMCAO.Fig. 7**DBZ attenuated microglia accumulation and cell apoptosis, regulated M1/M2 polarization, enhanced Nrf2 nuclear retention and antioxidant enzymes expression in the ischemic hemisphere via Akt(Ser473)/GSK3β(Ser9)/Fyn pathway**.(**A, B**) Effects of DBZ treatment on microglia/macrophage recruitment and cell apoptosis. Representative images and quantitative data of (**A**) Iba1-positive microglia/macrophage number and (**B**) TUNEL-positive cell number in penumbra region of rats at 3 days after stroke. White arrows indicate the enlarged insert of a representative cell. The scale bar represents 200 μm. (**C**) The mRNA levels of IL-1β, IL-6, TNF-α, iNOS, CD206 and IL-10 were determined by qRT-PCR. (**D, E**) The protein levels of p-Akt, p-GSK3β, nuclear Fyn, nuclear Nrf2, HO-1 and NQO1 were determined by Western blotting assay and quantified by densitometry. Results are expressed as means ± SD (n = 5 rats per group for A and B; n = 3 rats per group for C; n = 3 rats per group for D and E). \*p \< 0.05 compared with the VEH + Sham group, ^\#^p \< 0.05 compared with the VEH + tMCAO group. Statistical analyses were performed by one-way ANOVA followed by Bonferroni\'s *post hoc* test. VEH: vehicle; Ipsil: ipsilateral side; Contra: contralateral side.Fig. 7

3.7. Neuroprotective and anti-neuroinflammatory effects of DBZ in rats subjected to tMCAO were associated with enhancing M2 microglial polarization and Nrf2 nuclear retention via Akt(Ser473)/GSK3β(Ser9)/Fyn kinase pathway {#sec3.7}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since microglia activation plays important roles in the pathogenesis of stroke, the accumulation and activation of microglia/macrophage was measured by immunostaining of Iba1. Compared with sham group, activated microglia/macrophages (Iba1^+^) intensely accumulated in the peri-infarct (penumbra) region at 3 days after stroke, accompanied by the de-ramified morphological profile; DBZ treatment significantly reduced the density of Iba1^+^ cells, and restored the morphological alterations compared to stroke rats treated with vehicle ([Fig. 7](#fig7){ref-type="fig"}A). Correspondingly, as determined by TUNEL staining, the number of apoptotic (TUNEL^+^) cells in peri-infarct region of DBZ-treated rats was also decreased ([Fig. 7](#fig7){ref-type="fig"}B).

To evaluate the effects of DBZ on microglia-mediated neuroinflammation and M1/M2 polarization during stroke, the mRNA expression of inflammatory cytokines and M1/M2 markers were measured. At 3 days after tMCAO, the mRNA expression of the pro-inflammatory M1 genes (IL-1β, IL-6, TNF-α and iNOS) was significantly elevated in the peri-infarct region, the effect was markedly attenuated by DBZ administration ([Fig. 7](#fig7){ref-type="fig"}C). Furthermore, DBZ treatment increased the mRNA expression of anti-inflammatory M2 markers CD206 and IL-10 after stroke ([Fig. 7](#fig7){ref-type="fig"}C). Similarly, compared with vehicle group, DBZ treatment could also promote the phosphorylation of Akt(Ser473) and GSK3β(Ser9), accompanied with the inhibition of Fyn nucleus accumulation ([Fig. 7](#fig7){ref-type="fig"}E), which led to the increased Nrf2 nuclear retention as well as its downstream antioxidant enzymes (HO-1 and NQO1) expression ([Fig. 7](#fig7){ref-type="fig"}D) in ischemic hemisphere. Collectively, these results suggest that DBZ significantly decreased the pro-inflammatory microglial M1 mediators and promoted anti-inflammatory M2 mediators expression, induced Nrf2-mediated antioxidant enzymes expression in the ischemic hemisphere of rats via Akt(Ser473)/GSK3β(Ser9)/Fyn pathway, which may be responsible for its beneficial effects on functional recovery of stroke rats.

4. Discussion {#sec4}
=============

Currently, the treatments for cerebral ischemia and neuroinflammatory diseases are only partially beneficial. Hence, the development of more effective treatments is highly necessary. Increasing evidences indicate that a shift from the microglial M1 phenotype to the M2 phenotype is beneficial for recovery after stroke and neurodegenerative diseases \[[@bib8],[@bib10],[@bib15],[@bib18]\], which highlights the specific roles of polarized microglia in CNS repair. Meanwhile, the interaction between oxidative stress and inflammation can lead to a vicious cycle to aggravate the neural damage \[[@bib23]\]. The generation of ROS is increased in activated microglia and the ensuing oxidative damage can induce an uncontrolled inflammatory condition \[[@bib21],[@bib23]\]. Therefore, compounds with antioxidant activity may be beneficial for stroke and neuroinflammatory conditions. Here we show for the first time that: (1) the novel compound DBZ synthesized in our laboratory, suppressed pro-inflammatory and promoted anti-inflammatory mediators expression in LPS-stimulated BV2 cells and mouse primary microglia cells, revealing a shift from the M1 to the M2 microglia phenotype; (2) DBZ exhibited antioxidant effect by enhancing Nrf2 nuclear retention, up-regulating antioxidant enzymes expression, and inhibiting LPS-induced ROS production in BV2 microglia cells; (3) The anti-inflammatory, antioxidant and neuroprotective effects of DBZ were supported by two animal models: neuroinflammation and cerebral ischemia. DBZ ameliorated depressive behaviors of neuroinflammatory mice induced by systemic LPS administration, and reduced infract volume, improved sensorimotor and cognitive function in rats subjected to tMCAO; Moreover, DBZ attenuated microglia accumulation and favored microglial polarization toward the M2 phenotype in both murine models. (4) Detailed mechanistic studies revealed that above effects were strongly associated with the stabilization of Nrf2 and preservation its activation by DBZ through the Akt(Ser473)/GSK3β(Ser9)/Fyn pathway. The involved mechanisms are illustrated in [Fig. 8](#fig8){ref-type="fig"}.Fig. 8**Scheme summarizing the proposed mechanisms for the anti-neuroinflammatory and neuroprotective effects of DBZ in LPS-stimulated microglia and ischemic stroke rats**. The mechanisms involve the promotion of antioxidant enzymes expression, inhibition of ROS production and NF-κB activation, transition of M1/M2 polarization in microglia, and the role of Akt(Ser473)/GSK3β(Ser9)-mediated Nrf2 activation.Fig. 8

In the present work, BV2 microglia cells, primary microglial cultures, as well as animal models of neuroinflammation and brain ischemia were employed to investigate the effect of DBZ on microglia function. We focused on microglial cells because it is well known that excessive microglial activation, especially the M1 microglia, leads to expansion of neural damage and deterioration of neurological outcomes \[[@bib7],[@bib8]\]. The toxicity of microglia is mediated by the overproduction of a variety of harmful substances, including NO, ROS, and proinflammatory cytokines \[[@bib8],[@bib67]\]. More importantly, increased NO can react with ROS to form peroxynitrite (ONOO^−^) in BV-2 microglia, a more toxic product that causes cell damage \[[@bib67],[@bib68]\]. Our results demonstrated that DBZ not only significantly reduced LPS-induced NO and pro-inflammatory cytokines release from microglia cells ([Fig. 1](#fig1){ref-type="fig"}A--D; S1C--S1F), but also inhibited cellular ROS production ([Fig. 2](#fig2){ref-type="fig"}A and B) while enhanced antioxidant enzymes expression ([Fig. 2](#fig2){ref-type="fig"}C--E) in microglia cells. Since inhibition of excess inflammation and oxidative stress has been individually reported to be neuroprotective, we hypothesized that the dual properties of DBZ may have important translational value.

By using Nrf2 siRNA, we demonstrated that Nrf2 was crucial to the anti-inflammatory and antioxidant activity of DBZ ([Fig. 3](#fig3){ref-type="fig"}). Then the question arises of how DBZ increased Nrf2 nuclear abundance and transcriptional activity discovered in our studies. The regulation of Nrf2, especially its abundance in nucleus, is tightly regulated by positive and negative factors that control nuclear import, binding to ARE, export, and degradation of Nrf2 under normal and stress conditions \[[@bib27],[@bib28]\]. Our data shows that increased protein level of Nrf2 in nuclear is accompanied by the increased Akt activation (phosphorylation), GSK3β inactivation (phosphorylation), and the decreased nuclear level of Fyn after DBZ treated both *in vitro* and *in vivo* ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}, [Fig. 7](#fig7){ref-type="fig"}). Several studies have provided evidence that phosphorylated Fyn kinase can directly phosphorylate Nrf2 inside the nucleus and promote its nuclear export and ubiquitin-mediated degradation, and consequently contributing to the suppression of ARE-mediated gene expression \[[@bib64]\]. GSK3β acts as an upstream kinase of Fyn that contributes to the export and degradation of Nrf2 \[[@bib65],[@bib69]\]. Unlike most other cellular kinases that are normally inactive, GSK3β is active under resting conditions and continuously phosphorylates downstream elements, leading to the constitutive degradation of Nrf2. Several GSK3β inhibitory signals have been reported, and the most well-established is PI3K/Akt pathway \[[@bib69]\]. Specifically, PI3K activates Akt through phosphorylation of its Ser-473 residue; p-Akt(Ser473) consequently inhibits GSK3β by phosphorylating its Ser-9 residue \[[@bib65],[@bib66]\]. Accordingly, we reckoned that the Akt(Ser473)/GSK3β(Ser9)/Fyn signaling pathway may mediate the promoting effect of DBZ on Nrf2 nuclear accumulation. In agreement with this hypothesis, our further study demonstrated that both LY294002 (a PI3K-specific inhibitor) and SNP (a GSK3β activator) could enhance GSK3β activation and Fyn nuclear accumulation, which markedly abolished the promoting effect of DBZ on Nrf2 nuclear accumulation and antioxidant proteins expression ([Fig. 4](#fig4){ref-type="fig"}D--K). Meanwhile, SNP did not affect phosphorylation status of Akt(Ser473) ([Fig. 4](#fig4){ref-type="fig"}J), indicating GSK3β functions downstream of Akt after DBZ treatment. Collectively, our detailed mechanistic studies revealed that activated (phosphorylated) PI3K/Akt induced by DBZ, could inactivate (phosphorylate) GSK-3β, and the inactivated GSK3β reduced the phosphorylation of Fyn then prevented Nrf2 exported to cytosol and degradation. Furthermore, both LY294002 and SNP reversed the inhibitory effects of DBZ on ROS and NO generation induced by LPS ([Fig. 4](#fig4){ref-type="fig"}L and M). All of these results provide the evidence that the Akt(Ser473)/GSK3β(Ser9)/Fyn signaling cascade was involved in the Nrf2-mediated antioxidant and anti-neuroinflammatory properties of DBZ.

Under normal conditions, Nrf2 exists at low basal levels because it is degraded by the proteasome shortly after synthesis \[[@bib27]\]. Nrf2 protein stability is regulated by kelch-like ECH associated protein 1 (Keap1) and β-transducin repeat-containing protein (β-TrCP), the two E3 ubiquitin ligase adaptors which confer precision in selecting the target substrates for degradation \[[@bib26],[@bib27],[@bib69]\]. Besides exporting Nrf2 to cytoplasm through phosphorylating Fyn, GSK3β is a crucial protein involved in Keap1-independent Nrf2 degradation; it phosphorylates Nrf2 to facilitate the recognition of Nrf2 by β-TrCP and subsequent protein degradation \[[@bib28],[@bib69]\]. Considering DBZ could inactivate GSK3β by activating Akt, it is probable that increased Nrf2 nuclear abundance by DBZ can be attributed to (a) decreased nuclear exclusion of Nrf2 through inhibiting Fyn kinase and (b) decreased degradation of Nrf2 mediated by GSK3β/β-TrCP. Whether both the processes run in parallel or are temporal biased in regulating Nrf2 by DBZ awaits further investigation. Besides, it is attractive to further explore the effect of DBZ on Keap1-mediated Nrf2 ubiquitination and degradation.

NF-κB is the key transcription factor that promotes the proinflammatory M1 activation of microglia \[[@bib70]\]. The inhibition of NF-κB signaling shifts microglia from proinflammatory profile to anti-inflammatory profile following tMCAO \[[@bib71]\]. In this study, we found DBZ inhibited LPS-induced NF-κB p65 activation and pro-inflammatory mediator production in microglia cells; while Nrf2 knockdown significantly, but not completely, reversed the NF-κB inactivation and anti-inflammatory effects of DBZ ([Fig. 3](#fig3){ref-type="fig"}C--H); besides, inhibitor of PI3K or activator of GSK3β only partially attenuated the anti-inflammatory activity of DBZ ([Fig. 4](#fig4){ref-type="fig"}). These findings indicate that although the anti-inflammatory effect of DBZ is critically dependent on Nrf2 activation, other mechanisms may also be contributing factors in DBZ-induced NF-κB inhibition and anti-inflammatory effect.

During ischemic stroke, local microglia and recruited macrophages assume the transient M2 phenotype in response to injury at early stages followed by a shift to the detrimental M1 phenotype \[[@bib10],[@bib72]\]. The high ratio of M1 to M2 during post-ischemic inflammation leads to secondary expansion of ischemic infarction and deterioration of neurological outcomes \[[@bib8],[@bib10]\]. Considering the specific roles of polarized microglia/macrophages in CNS repair, therapeutic approaches targeting neuroinflammation shifting from total suppression of microglia/macrophage activation toward a subtler titration of the equilibrium between M1 and M2 phenotypes could be beneficial \[[@bib8]\]. Intriguingly, we demonstrated in this study that treatment of DBZ not only dampened the upgrading of M1 cytokines but also enhanced M2 hallmarks both in mouse neuroinflammation ([Fig. 5](#fig5){ref-type="fig"}H--M) and rat cerebral ischemia models ([Fig. 7](#fig7){ref-type="fig"}C). Notably, the participation of peripheral macrophage cannot be ignored in above animal studies especially when the blood-brain barrier is not intact during brain injury, because M1/M2 genes are not expressed only in microglia but are also marks of infiltrating peripheral macrophages. However, according to our *in vitro* data as well as literatures, macrophage does not recruit into CNS abundantly until day 4 after stroke \[[@bib73],[@bib74]\]. Even after day 4, the amount is relatively low compared to resident microglia \[[@bib73]\]. Thus, we assumed that the M1/M2 detected in stroke models is mainly expressed by resident microglia, and the role of macrophages needs to be further elucidated. In our previously studies, DBZ was found as a peroxisome proliferator-activated receptor-γ (PPAR-γ) agonist \[[@bib44],[@bib47]\]. It has been known that one of the important roles of PPAR-γ in the control of inflammation is related with regulation of M1/M2 phenotype \[[@bib8],[@bib75],[@bib76]\]. Activation of PPAR-γ will increase M2 genes expression in macrophages/microglia, including Arg-1, CD206, and IL-10 \[[@bib76],[@bib77]\]. PPAR-γ agonists (pioglitazone and rosiglitazone) are capable of inducing M2 phenotype switching in models of CNS diseases related to inflammation \[[@bib78],[@bib79]\]. Besides PPAR-γ, cumulative studies have demonstrated that HO-1 induction can also affect macrophage polarization toward M2 phenotype while suppressing the M1 macrophages \[[@bib80],[@bib81]\]. Thus, it is interesting to further explore the roles of PPAR-γ and HO-1 in microglial polarization transition by DBZ.

PI3K/Akt is a multifunctional signaling pathway associated with cell proliferation, anti-apoptosis and cellular defense. It has been reported that activation of PI3K/Akt provides marked neuroprotective effects against cerebral ischemia \[[@bib82],[@bib83]\]. In contrast, intracerebroventricular injection of LY294002 reduces phosphorylation of Akt and exacerbates neuronal damage after ischemia \[[@bib83],[@bib84]\]. Therefore, drugs enhancing Akt activity may represent a new class of therapeutics against cerebral ischemia injury. In our previous studies, DBZ has been proved to activate PI3K/Akt pathway in endothelial cells to induce angiogenesis \[[@bib44]\]. Similarly, here DBZ significantly activated PI3K/Akt pathway both in cultured microglia cells ([Fig. 4](#fig4){ref-type="fig"}) and in two murine models ([Fig. 5](#fig5){ref-type="fig"}; [Fig. 7](#fig7){ref-type="fig"}). However, we still do not know how DBZ stimulates PI3K, which is a limitation of this study. DBZ may either directly or indirectly impact PI3K, which then stimulates Akt-dependent inactivation of GSK3β/Fyn-mediated Nrf2 inhibition pathway, resulting in activating Nrf2 function. This will be investigated in the next studies. Besides, for the purpose of clinical translation, the effective doses of compound *in vivo* are quite important. However, the effective doses of DBZ for neuroinflammatory mice and focal cerebral ischemia rats are relatively high (5 and 20 mg·kg^−1^), which is a limitation of this study. As a candidate compound acting in the CNS, the BBB permeability and brain targeting of DBZ still need to be improved to reduce the dose. Moreover, we are trying to prepare drug delivery system such as polyethylene glycol (PEG)-modified nanostructured lipid carriers (DBZ-PEG-NLC) to maintain higher concentration and longer retention period of DBZ in cerebrospinal fluid of rats \[[@bib48]\]. Addressing these issues above may be beneficial for the clinical development of DBZ for stroke treatment.

In conclusion, our data reveal for the first time that DBZ robustly protects against brain damage with improved neurological outcomes in rats after cerebral ischemia-reperfusion, and ameliorated depressive behaviors in LPS-induced neuroinflammatory mice, which is largely due to the antioxidant and anti-neuroinflammatory properties of DBZ in microglia via the Akt(Ser473)/GSK3β(Ser9)/Fyn-mediated Nrf2 activation. These findings imply that the novel compound DBZ may be regarded as a potential drug candidate for the treatment of brain disorders associated with neuroinflammation, such as ischemic stroke.
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